Field trials were conducted in 2009 and 2010 to evaluate herbicides and their combination for weed control in carrots production regions in the Republic of Macedonia. The weed population in the both years was consisted of annual spring and summer ones, and some perennial weeds. The weediness in the both years was relatively high (129.6 plants/m 2 in 2009 and 172.7 plants/m 2 in 2010, respectively). The most dominant weeds were Portulaca oleracea and Echinochloa crus-galli in 2009 and Polygonum lapathifolium, Portulaca oleracea and Echinochloa crus-galli in 2010. Efficacy of herbicides in control of weeds was ranged of 69.8% (metolachlor PRE + linuron POST) to 98.2% (metolachlor + prometryn applied PRE) in 2009, and 71.2% (metolachlor PRE + linuron POST) to 96.8% (metolachlor + linuron applied PRE) in 2010, respectively. Efficacy of herbicides in the control of prevailing weeds during the 2-year field trial period was ranged from 54% to 100%. Particularly high efficacy showed both combinations metolachlor + prometryn and metolachlor + linuron applied PRE which provided nearly 100% control. All applied herbicides and their combinations showed high selectivity to carrots, no visual injured were determined by any rates in both year. Crop yields treated by herbicides reflected their efficiencies in weed control. The highest carrots yield in both years (34925 and 35395 kg/ha, and 32865 and 34254 kg/ha, respestively) were recorded in plots treated with metolachlor + linuron and metolachlor + prometryn applied PRE.
Introduction
Carrots (Daucus carota L.) are an important fresh market and processing vegetable crop (Swanton et al., 2009) which are currently grown on about 1200 ha in Republic of Macedonia (Anonymous, 2011) . They provide a good economic return to growers, and because of short-season (about 80 days), carrots are crop that fit well in crop rotations in vegetable production regions. Regardless short-season, weeds are major production problem for carrots growers. Carrot is a slow-growing crop (Teófilo et al., 2009 ) that suffers severe yield loss from weed competition (Stall and Dusky, 2000) ; of 25 crops, weeds caused the greatest yield losses in carrot (Van Heemst, 1985) . They reduce carrot yields by reducing the size of carrot roots through direct competition for nutrients, space, and water (Vieira et al., 1997) . Weeds also deform carrot roots, making them unmarketable (Bell et al., 2000; Bellinder et al., 1997) . In addition, many weeds may impair the harvesting process, either through improper digging or contamination of the harvested crop. Weeds can also harbor deleterious insects and diseases (Dittmar and Stall, 1999) . Because of that, weed control in carrots is extremely important as this crop is a poor competitor and in the absence of control, yields are often reduced by more than 90 per cent (Swanton et al., 2009; Coelho et al., 2009) .
Weed management in carrots is a combination of mechanical cultivation, hand weeding (Williams and Boydston, 2006; Swanton et al., 2009) and herbicides application. Chemical control is the most commonly used and reliable method for controlling weeds in carrots. The importance of their control has been emphasized by various authors (Kostov et al., 1983; Ali et al.,1997; Anyszka and Dobrzański, 1998; Gianessi and Reigner, 2004; Zabara, 2006; Anyszka and Elkner, 2007; Konieczka et al., 2009; ) . Linuron is one of the principal herbicides used for broadleaf weed control in carrot in many countries, alone or together with metribuzin (Bellinder et al., 1997; Bell et al., 2000; Jensen et al., 2004) . Prometryn is a typical herbicide which is include in weed management program on mineral and muck soils in Canada (Swanton et al., 2009) and Australia (Macleod and Frost, 2002) , and linuron, pendimethalin, and trifluralin are labeled for preemergence application in mineral soils in Florida (Dittmar and Stall, 1999) .
Taking into consideration necessity of chemical weed control for stable carrots production, the objective of this study was to investigate the effectiveness of some herbicides for controlling weeds in carrot crops in Republic of Macedonia, and, in same time, to estimate influence of herbicides on the carrot yield.
Material and methods
The field studies were conducted at the Agricultural Research Institute, Skopje, the Republic of Macedonia, in 2009 and 2010 on Fluvisol sandy loam with 10.50% coarse, 63.10% fine sand, 26.40% clay+silt, 2.66% organic matter and pH 6.7. The seedbed was prepared by moldboard plowing in the autumn followed by two passes with a field cultivator in the spring. Before seeding in the spring, fertilizer was incorporated at rates indicated by soil tests. The experimental design was a randomized complete block with four replicates, and harvest plot size of 20 m 2 . The field studies were carried out with carrot variety "Nantes" which was seeded in a well-prepared seedbed at a seeding rate of 3 kg/ha on April 30 Linuron, prometryn, metolachlor and metribuzin at rates of 2.5, 2.5, 1.1 and 0.5 L/ha, and combinations metolachlor + prometryn at 1.1+2.0 L/ha and metolachlor + linuron at 1.3+1.6 L/ha, respectively, were applied post-sowing, preemergence (PRE) on May 3 , 2010, respectively. All herbicides were applied with a CO 2 -pressurized backpack sprayer. PRE herbicides were applied with 350 L/ha water, and POST herbicides were applied with 300 L/ha water. Untreated and weed-free controls were included in the studies, as well. Weed-free control was maintained by hand weeding. Hand-weeding was initiated at weed and crop emergence and continued as needed to maintain weed-free plots. Weed control efficacy and carrots injury were estimated visually using a 0 to 100% scale, where 0% = no weed control or carrots injury and 100% = complete weed control or all carrot plants death (Frans et al. 1986) . Weed control efficacy for PRE treatments was estimated 28 days after PRE application, and for PRE+POST treatments 28 days after POST application, by the weed plants counting, and herbicide efficacy was calculated by equitation (MANI et al., 1968) :
Wup where: W CЕ -weed control efficiency Wup-number of weeds in the untreated plots Wtp-number of weeds in the treated plots Carrots plants injury was evaluated at the same period as herbicide efficacy. Carrots yields were determined by mechanically harvesting from 1m 2 from each plot when the crop was mature, and recording the fresh weight of the harvested sample (after removing any non marketable material). Harvest in both years was conducted between 92 and 95 days after sowing (DAS). The data were subjected to statistical analysis applying LSD-test (Steel and Torrie, 1980) .
Results and discussion
Weed population: The weed population in the both years was consisted of annual spring and summer, and some perennial weeds. In 2009 the weed population was consisted of 12 weed species, and total number of weeds was 129.6 plants/m 2 ( Weed control and herbicide efficacy: Criterion for herbicide efficacy was taken as the percentage of weeds that are control by any particular treatment in compare with untreated control. Data regarding herbicide efficacy presented in Table 3 showed that all investigated herbicides had a highly significant (P<0.01) effect on weed density per m 2 . During the 2 years field trial period, maximum weeds were recorded in untreated control plots (130.2 and 172.7, respectively). Minimum weeds in 2009 (2.3 and 3.0, respectively) were recorded in plots treated with metolachlor + prometryn and metolachlor + linuron, respectively applied PRE. From the other side, maximum weeds were recorded in plots treated with metolachlor PRE and combinations metolachlor PRE + linuron POST and metolachlor PRE + prometryn POST, respectively (48.3, 39.3 and 32.0, respectively) . In 2010, same as in the previous years, minimum weeds were counted in plots treated with metolachlor + linuron applied PRE -5.5, followed by metolachlor + prometryn applied PRE, as well, -7.3, while maximum weeds in herbicide treatments were observed in plots treated with metolachlor PRE and combinations metolachlor PRE + linuron POST and metolachlor PRE + prometryn POST, respectively (57.0, 49.7 and 45.5, respectively). Number of weeds in plots treated with metolachlor PRE was broad higher because metolachlor is mainly active against grass weeds (Van Biljon et al., 1999; Kostov, 2006) . From the other side, number of weeds in plots treated with combinations metolachlor PRE + prometryn POST and metolachlor PRE + linuron POST, respectively was broad higher, as well, because from the emerge to reach the 3-4 leaf stage, carrots required 4 weeks, period in which broad-leaf weeds, particularly dominant ones (Portulaca oleracea and Polygonum lapathifolium), exceed control stages and were not control effectively by linuron and prometryn, in the both years of the field investigations. However, reduction of the weed density was in positive correlation with herbicide efficacy. Efficacy of herbicides in control of weeds was ranged of 69.8% (metolachlor PRE + linuron POST) to 98.2% (metolachlor + prometryn applied PRE) in 2009, and 71.2% (metolachlor PRE + linuron POST ) to 96.8% (metolachlor + linuron applied PRE) in 2010, respectively. Efficacy of linuron and prometryn applied PRE was similar for both years; they provided control of the weeds between 85.8% and 90.8%. Metribuzin provided control levels bigger than 88% and 92% in 2009 88% and 92% in and 2010 88% and 92% in , respectively. Marinangeli et al., (2010 reported for excellent long-season control of weeds in the production of lily bulbs with PRE combination of 960 g ai/ha metolachlor and 750 g ai/ha linuron without yield reduction. According Nogueira et al., (2008) combinations of metolachlor + metribuzin + linuron and linuron + fluazifop-p-butyl were the most promising herbicides for weed control and higher yields of Peruvian carrots. The combination of preemergence linuron and single or split applications of metribuzin provide > 80% control of the weeds in carrots in Nova Scotia, Canada (Jensen et al., 2004) . Similar results were reported by Kavaliauskaitė et al., (2009) . Combinations of metribuzin applied after sowing and linuron sprayed at carrot 1-2 leaves stage reduced the amount of weeds in the crop by 85-87%. Weeds were reduced by 91% when combination of aclonifen (1.5 L/ha) sprayed after sowing and metribuzin (0.35 L/ha) sprayed at carrot 2 leaves stage (Sasnauskas et al., 2010) . From the other side, single POST treatment of linuron provided slightly poorer weed control than the PRE application of the same herbicide in carrots (Bell et al., 2000) . Prometryn (2.24 L/ha) + fluazifop-butyl (0.14 L/ha) and linuron (1.12 L/ha) + fluazifop-butyl (0.14 L/ha) gave >93% grass and broadleaved weed control in celery crop (Dusky, 1983) . Efficacy of herbicides in control of prevailing weeds during the 2 years field trial period was ranged of 54% to 100% (Tab. 4). Particularly high efficacy showed both combinations metolachlor + prometryn and metolachlor + linuron, respectively applied PRE which provided nearly 100% control. These results are supported by findings of Skender and Vratarić (1986 Metribuzin provided control levels of predominant weeds bigger than 94% in both experimental years. Similar results were reported by Butler et al., (1995) . Metribuzin applied at 1.3 lb/a provided the greatest overall control of the five major weed species evaluated (Amaranthus retroflexus, Senecio vulgaris, Kochia scoparia, Solanum sarrachoides and Sinapis arvensis) in commercial seed carrots fields at three locations in central Oregon. Opposite, according Malidža et al., (1997) , metribuzin showed to be poorly efficient in control of Galinsoga parviflora (75 -76%) and Solanum nigrum (72.5 -83.5%) in carrot production in Serbia.
Linuron and prometryn provided more than 96% and 98% control of predominant weeds in 2009 and more than 98% in 2010, respectively. But, both herbicides showed poor control of Echinochloa crus-galli, because they are mainly active against broadleaf weeds (Kostov, 2006) . Similar, according Petrov (1980) prometryne at 1.5 kg/ha applied PRE in autumn with linuron 1-1.25 kg/ha applied POST were the most effective against annual broadleaf weeds, but Agropyron repens, Cynodon dactylon, Echinochloa crus-galli and Setaria viridis were poor controlled. In Florida, 2.24 kg/ha prometryn and 1.12 kg/ha linuron applied PRE to celery gave >90% control of Amaranthus spinosus, Amaranthus lividus and Portulaca oleracea (Dusky, 1983) . Similar, prometryn provided best control (91%) of Malva parviflora, Capsella bursa-pastoris, Portulaca oleracea, Solanum sarrachoide, and Urtica dioica among the evaluated herbicides in celery (Daugovish et al., 2007) . Control of Solanum sarrachoides, Chenopodium album and Amaranthus retroflexus was 99-100% with linuron, but the same herbicide did not control either Senecio vulgaris or Erodium cicutarium in seed carrots (Butler et al., 2002) .
Opposite, metolachlor provide consistently effective control of Echinochloa crus-galli, but control of predominant broad-leaved weeds Portulaca oleracea and Polygonum laphatifolium was less than 60% throughout the investigation period (Tab. 4). In Nicaragua, Soto-Soto and SilvaVasquez (1987) conducted trials in two sites. They concluded that linuron provided the best control of broadleaf weeds and metolachlor provided the best control of grasses. According Peter and Weber (1985) , metolachlor is much more effective in controlling grasses, than broadleaf weeds. Only 1.21 kg/ha of metolachlor was required to provide 80% grass weeds, but 2.85 kg/ha of metolachlor was required to provide 80% broadleaf weeds. In that context are investigations of Rahman and James, (2010) who concluded that metolachlor was the most effective chemical for controlling Echinochloa crus-galli and Panicum dichotomiflorum. Metolachlor at 1.12 kg/ha applied PRE gave >80% control of Panicum dichotomiflorum, Panicum adspersum and Eleusine indica in celery crop (Dusky, 1983) . Similar, in the greenhouse condition, metolachlor required for 80% control of Echinochloa crus-galli (Peter and Weber, 1985) . Also, according Dusky (1982) , metolachlor at 3.0 Ib. a.i./acre provided acceptable weed control, particularly of grass weeds with no crop injury to celery or carrots. Similar to ours, investigations of Selleck et al., (1980) showed that metolachlor at 1.12 kg/ha gave only marginal control of Portulaca oleracea in cabbage and the same herbicide was slightly effective in crop rotation against Polygonum laphatifolium (Miklos, 1981) .
Metolachlor + linuron applied PRE and metolachlor + prometryn applied PRE achieved nearly complete control of predominant weeds. But, in the combinations metolachlor PRE + prometryn POST and metolachlor PRE + linuron POST, only efficacy of metolachlor was at the high level and gave >96% control Echinochloa crus-galli. Efficacy of linuron POST and prometryn POST gave only marginal control (<72% and <77%, respectively) of predominant broadleaf weeds (Tab. 4). The lack of predominant broadleaf weeds control due to the fact that broadleaf weeds escaped the metolachlor application exceeded control size by the time when linuron and prometryn was applied (3-4 carrot leaf stage). 
Visible carrots injury:
Taking into consideration fact that all investigated herbicides applied in properly carrot growth stages possesses high selectivity to carrots, no visual injured were determined by any rates in both year, and consequently none of the applied herbicides reduce carrots yields (Tab. 5). Similar results were obtained by Yogaratnam et al., (1982) , Kostov et al., (1983 ), Butler, et al., (1996 . Prometryn, either as single or sequential POST applications at 2.23 kg ai/ha, was safe on carrot crops (Williams and Boydston, 2006) . Daugovish et al., (2007) found that linuron and prometryn applied in celery crop were safe at all locations during all field trial period, similar to previous reports by Bell et al., (2001) . Transient injuries to carrot (<20%) from postemergence metribuzin treatments, but without yield loss were reported by Bellinder et al., (1997) . Similar levels of only minor injury and no yield loss from 280 g/ha metribuzin applied after the three-leaf crop stage were reported by Jensen et al., (2004) . But, linuron (0.75 and 0.8 kg/ha), metribuzin (0.35 kg/ha) and fluorochloridone (0.5 kg/ha) applied PRE caused temporary phytotoxicity while only metribuzin significantly reduced the yield, length, diameter of the root and diameter of the core of the carrot plants (Malidža et al., 1997) .
Carrots yield: Weed competition caused large reductions in carrots yield. Comparison of untreated and weed-free control indicated that weeds reduced carrots yield by 58% and 66% in 2009 and 2010, respectively (Table 5) . A carrot production loss due to the presence of weeds in agroecological conditions of Paraná State, Brazil, was 76.4% (Zagonel et al., 1999) . Study of William and Warren, (1975) has demonstrated that purple nutsedge (Cyperus rotundus) competition reduced carrot yield by 39% and 50%. Boydston and Seymour (1996) observed a 27% carrots yield reduction because of volunteer potato with densities of 4.8 plants/m 2 . However, the removal of the competitive effect of the weeds led in an increase of the participation of the yield components of the carrots and as a result the carrots production also increased. Comparison of yields was made between weed-free control and herbicidal treatments. Generally, carrots yield was markedly affected by herbicide efficacy throughout the investigation period (Table 5 ). In both years the lowest carrots yield was recorded in untreated control plots (14076 and 11325 kg/ha, respectively). Yields of the herbicides treatments reflected their efficiencies in weed control. In 2009 the lowest carrots yield among herbicide treatments (26872 and 27067 kg/ha, respectively) were recorded in plots treated with metolachlor PRE and metolachlor PRE + linuron POST, respectively. The highest carrots yield (34925 and 35395 kg/ha, respestively) were recorded in plots treated with metolachlor + linuron and metolachlor + prometryn applied PRE, respectively. Similar as in previous year, in 2010, the lowest carrots yield among herbicide treatments (25010 and 25822 kg/ha, respectively) were recorded in plots treated with metolachlor PRE and metolachlor PRE + linuron POST. Opposite, the highest carrots yield (32865 and 34254 kg/ha, respestively) were recorded in plots treated with metolachlor + prometryn and metolachlor + linuron applied PRE, respectively. Many authors emphasis the importance of achieving high level of weed control to optimize yield of a noncompetitive carrot crops. According Williams and Boydston, (2006) carrot yield was similar to hand-weeded when prometryn was applied MPOST and LPOST at 1.12 kg/ha or MPOST at 2.23 kg/ha plus adjuvant. Similar, in the field investigation of Smith and Ruiz, (2009) no statistical differences were found in yield between linuron and metribuzin applied in any rates either PRE or POST and weed-free control. Celery treated with prometryn and linuron had 31% and 35% yield increase over the nontreated control, respectively (Daugovish et al., 2007) . 
Conclusion
Weed management is a fundamental practice in carrots cultivation. Unsuccessful weed control can result in almost the total loss of the carrots yield. In view of these encouraging results, application of herbicides suited for every floristic situation led to a minimization of yield losses, and, in same time, increasing quality and quantity of carrots crops. But, this study indicate, as well, that adequate weed control and acceptable carrot yields in carrot production regions in Republic of Macedonia can be achieved with preemergence combination of herbicides active against both grass and broadleaf weeds, as metolachlor and linuron or prometryn. Opposite, separate application of herbicides, metolachlor PRE and prometryn or linuron POST, gave only marginal control. The lack of predominant broadleaf weeds control due to the fact that broadleaf weeds escaped the metolachlor application exceeded control size by the time when linuron and prometryn was applied (3-4 carrot leaf stage). Although, metribuzin is not registry as an herbicide for weed control in carrot crops, preemergence metribuzin application is promising under agro-ecological conditions of carrots production regions in Republic of Macedonia. The potential use of metribuzin as an alternative to linuron or prometryn will substantially reduce herbicide costs and the amount of herbicide applied to carrot fields.
